Purpose The aim of this study was to create an alternative mutant of the herpes simplex virus type 1 thymidine kinase (HSV1-tk) reporter gene with reduced phosphorylation capacity for acycloguanosine derivatives, but not pyrimidine-based compounds that will allow for successful PET imaging. Methods A new mutant of HSV1-tk reporter gene, suitable for PET imaging using pyrimidine-based radiotracers, was developed. The HSV1-tk mutant contains an arginineto-glutamine substitution at position 176 (HSV1-R176Qtk) of the nucleoside binding region of the enzyme. Results The mutant-gene product showed favorable enzymatic characteristics toward pyrimidine-based nucleosides, while exhibiting reduced activity with acycloguanosine derivatives. In order to enhance HSV1-R176Qtk reporter activity with pyrimidine-based radiotracers, we introduced the R176Q substitution into the more active HSV1-sr39tk mutant. U87 human glioma cells transduced with the HSV1-R176Qsr39tk double mutant reporter gene showed high 3 H-FEAU pyrimidine nucleoside and low 3
F-FHBG accumulation in HSV1-R176Qsr39tk+ xenografts. The feasibility of imaging two independent nucleoside-specific HSV1-tk mutants in the same animal with PET was demonstrated. Two opposite xenografts expressing the HSV1-R176Qsr39tk reporter gene and the previously described acycloguanosinespecific mutant of HSV1-tk, HSV1-A167Ysr39tk reporter gene, were imaged using a short-lived pyrimidine-based 18 F-FEAU and an acycloguanosine-based 18 F-FHBG radiotracer, respectively, administered on 2 consecutive days. Conclusion We conclude that in combination with acycloguanosine-specific HSV1-A167Ysr39tk reporter gene, a HSV1-tk mutant containing the R176Q substitution could be used for PET imaging of two different cell populations or concurrent molecular biological processes in the same living subject. 
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Introduction
During the past decade, a number of reports showed the advantage of using herpes simplex virus type 1 thymidine kinase (HSV1-tk) as a suicide gene in combination with ganciclovir (GCV) [1] and a nuclear imaging reporter gene when used with an appropriate reporter probe [2] [3] [4] [5] . Unlike other reporter proteins, HSV1-tk phosphorylates a wide range of substrates: pyrimidine (uracil-based FIAU, FEAU, FFEAU) and purine [acycloguanosine-based penciclovir (PCV), FHBG, FHPG)] nucleoside analogs labeled with short-( 11 C, 18 F) and long-lived ( 123 I, 124 I, 125 I, 131 I) radioisotopes [2, [6] [7] [8] [9] . Specific accumulation of a number of these substrates has been demonstrated in wild-type HSV1-tk or mutant HSV1-sr39tk expressing cells in vitro and in vivo. It has been shown that wild-type HSV1-tk has preferential activity toward pyrimidine-based compounds, while mutant HSV1-sr39tk can efficiently phosphorylate both types of derivatives [10] [11] [12] [13] .
Positron emission tomography (PET) has been used in experimental models and clinical trials to evaluate responses to HSV1-tk-mediated suicide gene therapy [14] [15] [16] [17] , to track the migration of HSV1-tk-expressing cells [18] [19] [20] , and non-invasively assess the activity of endogenous gene expression [21] [22] [23] . In the situations, where one needs to image the location, viability, and proliferation of two different cell populations in the same animal (for example, both a tumor cell population and antitumor lymphocytes that migrate to the tumor), each cell population must express a different PET reporter gene that can be imaged separately with two different shortlived radiotracers. In this context, the development of new mutant of HSV1-tks with restricted specificity toward pyrimidine-or acycloguanosine-based radiotracers would be very useful.
Lately, our group has described a new human-derived reporter gene, namely, human delta mitochondrial thymidine kinase type 2 (hΔTK2), which is intrinsically restricted to pyrimidine-based nucleoside derivatives [24] . We have shown that cells transduced with this reporter gene do not accumulate acycloguanosine derivatives and can be imaged with pyrimidine-based radiotracers. However, cells expressing hΔTK2 show relatively low levels of accumulation of pyrimidine derivatives when directly compared with HSV1-tk (six-to tenfold). Therefore, we aimed to work on HSV1-tk as a more promising contender.
We have recently reported on a new mutant of HSV1-tk, HSV1-A167Ysr39tk, which combines an acycloguanosinerestricting alanine-to-tyrosine substitution at position 167 and five amino acid substitutions (positions 159-161, 168, 169) from the HSV1-sr39tk mutant (Fig. 1) [25] . This mutant lacks the ability to phosphorylate pyrimidine-based nucleoside derivatives, including antiviral drugs (BVdU, brivudine, Zostex, Berlin-Chemie, Berlin, Germany) and several uracil-based radiotracers (FIAU, FEAU). However, the HSV1-A167Ysr39tk mutant gene product retains high phosphorylation activity with acycloguanosine analogs, including 18 F-FHBG for PET imaging and GCV for suicide safety concerns.
The aim of this study was to create an alternative mutant of the HSV1-tk reporter gene with reduced phosphorylation capacity for acycloguanosine derivatives, but not pyrimidine-based compounds that will allow for successful PET imaging. We approached this problem by reviewing HSV1-tk mutants derived from drug-resistant strains of the virus with reduced activity toward pyrimidine and/or acycloguanosine substrates [26] . One, an acyclovirresistant mutant bearing arginine-to-glutamine substitution at position 176 (R176Q), showed favorable enzymatic characteristics toward pyrimidine-based nucleosides, while exhibiting near complete absence of activity with acycloguanosine derivatives. We hypothesized that in combination with acycloguanosine-specific HSV1-A167Ysr39tk reporter gene, a HSV1-tk mutant containing the R176Q mutation could be potentially used for PET imaging of two independent cell populations or molecular biological processes in the same living subject using consecutive administration of short-lived pyrimidine-( 18 F-FIAU, 18 F-FEAU) and acycloguanosine-( 18 F-FHBG) based radiotracers.
Materials and methods
Retroviral vectors
The schematic structures of the retroviral vectors used in this study are shown in Fig. 1 . A retroviral vector containing a wild-type HSV1-tk reporter gene with a nuclear export signal (NES) from MAPKK of Xenopus, SFG-Nes-wild type-HSV1-tk/GFP (wild-type HSV1-tk), was described previously [27] and served as a reference vector. The HSV1-sr39tk mutant (kindly provided by SS Gambhir, Stanford, CA, USA, Fig. 1a) , was introduced into SFG-Nes-wild-type HSV1-tk/GFP vector replacing the wild-type HSV1-tk, which resulted in SFG-Nes-HSV1-sr39tk/GFP (HSV1-sr39tk) retroviral vector. An arginineto-glutamine substitution at position 176 in the wild-type HSV1-tk and HSV1-sr39tk genes was performed using the following primer pairs: 5′-TACCCGGCCGCGCAATACC TTATGGGC-3′ and 5′-GCCCATAAGGTATTGCGC GGCCGGGTA-3′ for SFG-Nes-HSV-tk/GFP and for SFG-NesHSV1sr39tk/GFP vectors, resulting in SFG-Nes-HSV1-R176Qtk/GFP (HSV1-R176Qtk) and SFG-Nes-HSV1-R176Qsr39tk/GFP (HSV1-R176Qsr39tk) retroviral vectors, respectively.
Transduction of tumor cells
The U87 human glioma cell line (ATCC, Rockville, MD, USA) was grown as monolayers in MEM media at 37°C. The in vitro transduction of U87 cells with the retroviral vectors was accomplished by exposing the cell monolayers to a filtered (0.45 µm) culture medium obtained from the vector producer H29GPG cells [28] for 8 h in the presence of polybrene (8 µg/ml, Sigma, St. Louis, MO, USA).
Flow cytometry and fluorescent microscopy
Retrovirally transduced U87 cells were grown as bulk cultures for 48 h and subsequently sorted for GFP expression using FACS (FACSVantage, Becton Dickinson, St. Jose, CA, USA); the 488-nm excitation beam and 510-nm emission filters were used. Subcellular localization of the reporter proteins in transduced tumor cells was visualized by fluorescence microscopy (Nikon, Osaka, Japan) using similar excitation and emission parameters.
Quantitative reverse transcription polymerase chain reaction (RT-PCR) Total RNA was isolated from cells that were previously transfected with the HSV1-tk/GFP fusion gene and its mutants as described above. For quantitative RT-PCR, reverse transcription was carried out using the First-Strand cDNA Synthesis kit (Amersham Biosciences, Fairfield, CT, USA) with NotId(T)18 primers. The quantitative PCR was performed using the QuantiTect SYBR green PCR kit (Qiagen, Valencia, CA, USA) and analyzed on an LightCycler system (Roche Diagnostics, Indianapolis, IN, USA) using the LightCycler software version 3 (Roche Diagnostics, Indianapolis, IN, USA). Quantitative PCRs were carried out to detect HSV1-tk/GFP mRNA and its mutants RT-PCR analysis of HSV1-tk mRNA from non-transduced (N/T) and transduced cell populations normalized by β-actin mRNA levels; values expressed as HSV1-tk mRNA/β-actin concentration ratios. g Western blot analysis of HSV1-tk/GFP (∼72 kDa) and β-actin (∼42 kDa) proteins expression in non-transduced and transduced cell populations using GFP-and β-actin-specific monoclonal antibodies. Blot lines correspond to the cell line names in f using the following primer sets: (5′-AGCAAGAAGCC ACGGAAGT-3′ and 5′-TCCCGTGAGGACCGTCTAT-3′). The data were normalized to the amount of β-actin RNA in each sample using a commercial kit (Stratagene, La Jolla, CA, USA) and then compared to a standard curve HSV1-tk/GFP plasmid to determine the amount of each mRNA in the starting sample. RNAs isolated were each assayed in duplicate and the data were averaged.
Western blot analysis
Cells were lysed in M-PER mammalian protein extraction reagent (Pierce Biotechnology, Rockford, IL, USA) for 10 min at 4°C. After lysis, cell debris were removed by microcentrifugation (14,000 g for 15 min at 4°C), and the total cell protein concentration for each sample was determined using a BCA protein assay kit (Thermo Fisher Scientific, Fremont, CA, USA) according to the manufacturer's instructions. Equal amounts of sample protein were combined with Full Range Rainbow recombinant protein molecular weight marker (GE Healthcare, Waukesha, WI, USA) and heated for 10 min at 95°C. Extracted proteins were run on NuPage 4-12% Bis-Tris polyacrylamide gel (Invitrogen, Carlsbad, CA, USA). The separated proteins were transferred to Invitrolon™ PVDF membranes (Invitrogen, Carlsbad, CA, USA) using an XCell SureLock™ blotting system and NuPage® buffer (Invitrogen, Carlsbad, CA, USA). Membranes were incubated in 15% hydrogen peroxide for 10 min and blocking buffer (Tris-buffered saline with 1.0% non-fat dried milk, 0.4% fish tail gelatin, and 0.1% bovine serum albumin) for 2 h. All subsequent incubations and washes were in TBS/T (Tris-buffered saline with 0.1% Triton X-100). Primary and secondary antibody incubations (1:3,000 dilutions for each) were for 40 min each, followed by 20 washes of 50 ml TBS/T for 2 min each. Proteins were detected using mouse monoclonal antibody-specific for GFP (clone 7.1, Roche Diagnostics, Indianapolis, IN, USA) and mouse β-actin-specific antibodies (Bio-Rad, Hercules, CA, USA), alkaline phosphatase (AP)-conjugated goat anti-mouse antibody (Bio-Rad, Hercules, CA, USA) and AP-specific color development solution (Bio-Rad, Hercules, CA, USA) for visualization. Chemiluminescence signals were collected on the Epi ChemiDoc imager (Bio-Rad, Hercules, CA, USA) and quantified with QuantiOne Analysis Software (Bio-Rad, Hercules, CA, USA).
FEAU and PCV in vitro accumulation assay
The 3 H-FEAU and 3 H-PCV accumulation assays were performed as previously described [2] . Briefly, cells were seeded in 150×25-mm tissue culture plates (Nunc, Roskilde, Denmark) at a concentration of 2×10 6 cells/plate and grown until 50-60% confluence. The incubation medium contained 3 H-FEAU 3.7 kBq/ml (1.48 TBq/mmol) or 3 H-PCV 3.7 kBq/ml (1.11 TBq/mmol) (Moravek Biochemicals, Brea, CA, USA, purity >99%). The cells were harvested after various periods of incubation (30, 60 , and 120 min), centrifuged, cell pellets were weighed, and assayed for radioactivity concentration using a TriCarb 1600 beta spectrometer (Packard, Downers Grove, IL, USA) using the standard 3 H channel counting technique. The data were expressed as a harvested cell to medium concentration ratio: (dpm/g cells)/(dpm/ml medium). The rates of accumulation (Ki) for FEAU and PCV were determined from the slope of the cell to medium ratios versus incubation time plots and have units of tracer clearance from the medium (ml medium/min/g cells).
Prodrug sensitivity assays
To determine the cytotoxic effect (IC 50 ) of GCV (CYTO-VENE-IV; Roche Laboratories Inc., Nutley, NJ, USA) and BVdU ((E)-5-(2-bromovinyl)-2′-deoxyuridine, SigmaAldrich, St. Louis, MO, USA) on non-transduced and transduced U87 cells, a WST-1 (Roche, Mannheim, Germany) cell viability assay was performed 4 days after exposure to the drugs. Cells were plated into 96-well microtiter plates at an initial density of 4,000 cells/well; GCV or BVdU were added to sets of eight wells for each concentration tested. The drug concentrations ranged from 1 nM to 10 mM.
Experimental groups of animals
All animal studies were performed under a Memorial Sloan-Kettering Cancer Center IACUC-approved protocol. Six-to eight-week-old nude mice from Taconic (Germantown, NY, USA) were used; 5×10 6 cells for each tumor were implanted. Four groups of animals (n=10/group) were studied, and three xenografts were produced in each animal. U87/non-transduced (N/T) and U87/HSV1-R176Qsr39tk xenografts were established in the left thigh and right shoulder, respectively, of each animal in all groups. The third xenograft was established in the left shoulder from U87/wild-type HSV1-tk, U87/HSV1-R176Qtk, U87/HSV1-sr39tk, and U87/HSV1-A167Ysr39tk cells in groups 1, 2, 3, and 4, respectively. The mice were anesthetized using 2:98% isoflurane:oxygen gas mixture. All animals were sacrificed using CO 2 inhalation.
PET imaging with 18 18 F-FHBG (specific activity 44.4 TBq/mmol) and imaged 2 h later. PET imaging was performed using a FOCUS 120 microPET™ scanner (Siemens Preclinical Solutions, Knoxville, TN, USA). At least 10 million coincidence events were acquired per study using a 350-750 keV energy window and a 6-ns timing window. List-mode data were sorted into sinograms by Fourier rebinning and reconstructed by filter back-projection without attenuation or scatter correction. Count data in the reconstructed images were converted to activity concentration [i.e., % of the injected dose per cc (%ID/cc)] based on a system calibration factor determined using a 18 F-filled mouse-size phantom. Visualization and analyses of microPET images were carried out using AsiPRO™ software (Siemens Preclinical Solutions, Knoxville, TN, USA). Radioactivity concentration in tissue was calculated from the microPET images using maximum pixel values. Reporter gene selectivity index in vivo was calculated as a ratio between 
Statistical analysis
All data obtained in in vitro and in vivo studies were compared using Student's t test for independent samples with unequal variances. Mean values and independent t test for unequal variances were calculated using Graph Prism 4 software (GraphPad Software, San Diego, CA, USA). Values of p<0.05 were considered statistically significant.
Results
Characterization of reporter genes in vitro
GFP-positive populations with similar levels of GFP expression (∼500 fluorescent units) were obtained. Following FACS sorting, all cell lines were >96% GFP+ (Fig. 1a-e) . Fluorescent microscopic analysis demonstrated cytoplasmic distribution of Nes-wild-type HSV1-tkGFP, Nes-HSV1-R176QtkGFP, Nes-HSV1-sr39tkGFP, and Nes-HSV1-R176Qsr39tk reporter proteins due to the presence of NES signal at the N terminus (data not shown).
When normalized to β-actin housekeeping gene expression, RT-PCR analysis showed similar levels of HSV1-tk/ GFP mRNA expression from different transduced cell populations (Fig. 1f) . The HSV1-tk/GFP and β-actin proteins had the predicted molecular mass of ∼72 (full length HSV1-tk/GFP) and ∼42 kDa, respectively, and were uniformly expressed in all transduced cells as determined by Western blot analysis (Fig. 1g) .
The levels of enzymatic activity of wild-type HSV1-tk, HSV1-R176Qtk, HSV1-sr39tk, and HSV-R176Qsr39tk proteins were assessed using a previously established radiotracer accumulation assay with 3 H-FEAU and 3 H-PCV (Fig. 2) . Since the level of reporter expression was similar in all transduced cell lines, the radiotracer accumulation (Ki) values can be directly compared. In nontransduced U87 cells background levels of 3 H-FEAU and 3 H-PCV uptake were detected.
3 H-FEAU was accumulated in all transduced cells except HSV-A167Ysr39tk compared to non-transduced U87 cells. Wild-type HSV1-tk, HSV1-sr39tk, and HSV-R176Qsr39tk cells showed high levels of 3 H-FEAU uptake (Ki of 0.43, 0.73, and 0.33 ml/min per g cells, respectively), while HSV1-R176Qtk cells showed significantly (p<0.01) lower 3 H-FEAU uptake (Ki of 0.035).
3 H-PCV accumulation was significantly (p<0.05) lower in HSV1-R176Qtk, HSV-R176Qsr39tk, and wildtype HSV1-tk (Ki of 0.018, 0.019, and 0.035 ml/min per g cells, respectively) compared with HSV1-sr39tk and HSVA167Ysr39tk transduced cells (Ki of 0.79 and 0.4 ml/min per g cells, respectively).
To explore the possibility of killing transduced cells using a "suicide" prodrug activation strategy, the sensitivity of wild-type and transduced U87 cells to GCV and BVdU was assessed (Fig. 3) . HSV1-R176Qtk-and HSV1-R176Qsr39tk-expressing cells were equally sensitive to BVdU (IC 50 of 92 and 91 µM, respectively), but showed different IC 50 values with GCV (940 and 111 µM, respectively). Wild-type U87 cells were highly resistant to BVdU and GCV (IC 50 >10 and >1 mM, respectively)
In vivo imaging of reporter gene expression with PET.
The initial microPET imaging studies were performed in the first three groups of mice bearing s.c. xenografts derived from wild-type HSV1-tk, HSV1-sr39tk, HSV1-R176Qtk, and HSV-R176Qsr39tk transduced U87 cell populations and wild-type U87 cells which served as a negative control (Fig. 4a,b) . Since the level of reporter expression was similar in the cell lines used to produce the xenografts (Fig. 1 ), the images and the level of radioactivity can be directly compared. The levels of 18 F-FEAU and 18 F-FHBG radioactivity in control (non-transduced) U87 tumors were very low and similar to body background. MicroPET imaging revealed high localization of 18 F-FEAU-derived radioactivity in xenografts expressing wildtype HSV1-tk, HSV1-sr39tk, and HSV1-R176Qsr39tk reporter genes (Fig. 4a,b) . 18 F-FEAU accumulation was low in xenografts derived from HSV1-R176Qtk transduced cells, but significantly higher (p<0.01) when compared with N/T cells. As shown in the in vitro studies, 18 F-FHBG accumulation was high in HSV1-sr39tk xenografts and wild-type HSV1-tk, however significantly reduced in HSV1-R176Qtk+ and HSV1-R176Qsr39tk+ xenografts. U87/wild-type HSV1-tk had significantly higher 18 F-FHBG uptake compared to HSV1-R176Qtk+ and HSV1-R176Qsr39tk xenografts (four and twofold, respectively, p<0.05) (Fig. 4a,b) . Tissue sampling and biodistribution studies confirmed highly specific 18 F-FEAU accumulation in U87/wild-type HSV1-tk, U87/HSV1-sr39tk, and U87/ HSV1-R176Qsr39tk tumors (Fig. 4c) . The non-transduced U87 tumors and muscle tissue showed only low background levels of radioactivity. Selectivity indexes (ratios between 18 F-FEAU and 18 F-FHBG activity concentrations in the same tumors) in vivo for wild-type HSV1-tk, HSV1-sr39tk, HSV1-R176Qtk, and HSV1-R176Qsr39tk reporter genes were 4.3, 0.9, 2.2, and 6.0, respectively.
In a separate (fourth) group of mice, specific 18 F-FEAU accumulation was observed in U87/HSV1-R176Qsr39tk tumors, while HSV-A167Ysr39tk-expressing xenografts did not show any evidence of 18 F-FEAU uptake. In contrast, 18 F-FHBG accumulation was high in U87/HSV-A167Ysr39tk+ tumors with only slight uptake in U87/HSV1-R176Qsr39tk+ xenografts (Fig. 5) .
Discussion
The enzyme, wild-type HSV1 thymidine kinase (HSV1-tk), can phosphorylate pyrimidine and purine nucleotides derivatives. Radiolabeled pyrimidine-based ( 124 I-FIAU, 18 F-FIAU, 18 F-FEAU, 18 F-FFEAU, and 18 F-FMAU [3, [31] [32] [33] [34] [35] ) and acycloguanosine-based ( 18 F-GCV, 18 F-FHBG, and 18 F-FHPG [4, [36] [37] [38] ) nucleoside analogs have been used to image HSV1-tk and HSV1-sr39tk reporter gene expression with PET. However, the ability of HSV1-tk and HSV1-sr39tk reporter proteins to phosphorylate both pyrimidine and acycloguanosine analogs does not allow imaging with different groups of radiolabel consecutively and we can evaluate only single events. Since the availability of two in vivo reporter genes will be of considerable utility for simultaneous imaging of two independent cell populations or molecular biological processes, we aimed at developing and testing new mutants of the HSV1-tk reporter gene family that would exhibit selective specificity toward pyrimidine-or acycloguanosine-based radiotracers.
We focused on modifications of HSV1-tk reporter gene for several reasons. First, HSV1-tk is a well-known reporter gene and has demonstrated safety and efficacy in experimental and clinical studies. Second, HSV1-tk can be used as a "safety switch" due to its ability to phosphorylate clinically used nucleoside suicide prodrugs. Unlike many other reporter gene-reporter probe combinations, expression of HSV1-tk can be imaged using both long-lived 124 I and, most importantly, short-lived 18 F and 11 C radioisotopes [6] . The latter feature allows consecutive imaging of the HSV1-tk mutants we have developed with clinically applicable pyrimidine-and acycloguanosine-based radiotracers on a daily basis ( 18 F) or even during the same day ( 11 C).
Several groups have performed genetic modifications of the wild-type HSV1-tk that resulted in mutants with enhanced phosphorylation kinetics for certain nucleoside derivatives [39, 40] . The widely used HSV1-sr39tk mutant, bearing five amino acid substitutions in the nucleoside binding region of the enzyme [13, 41] (Fig. 1) , shows significantly improved activity with acycloguanosines, specifically GCV, ACV, PCV, and 18 F-FHBG, but preserve the activity with pyrimidine analogs [11] . In a recent study we have shown that position 167 [25] in HSV1-tk protein is particularly favorable for discriminating between pyrimidine and acycloguanosine substrates. A HSV1-sr39tk mutant bearing the alanine-167-tyrosine (A167Y) substitution in nucleoside binding region, HSV1-A167Ysr39tk reporter, showed a markedly decreased activity with the clinically relevant pyrimidines (ARA-T and BVdU in particular) and pyrimidine-based radiotracers ( 18 F-FIAU and 18 F-FEAU), while phosphorylation of GCV, PCV, and 18 F-FHBG was preserved.
While searching for a pyrimidine-specific variant of HSV1-tk, several antiviral drug-resistant isolates of HSV1 have been found [26] . Several strains carrying a mutation in the thymidine kinase gene show partial or complete lack of phosphorylation of clinically used pyrimidine and acycloguanosine derivatives. We studied a mutant bearing an arginine-to-glutamine substitution at position 176, because H-FEAU uptake was low, but above background levels. These results suggested that further mutation of the HSV1-sr39tk gene to include the R176Q substitution would exhibit phosphorylation activity predominantly with pyrimidinebased radiotracers. Indeed, cells transduced with such a mutant, HSV1-R176Qsr39tk, showed high 3 H-FEAU uptake in vitro, while 3 H-PCV accumulation was low. As expected, cells expressing HSV1-R176Qsr39tk mutant showed higher IC 50 values for GCV and BVdU (∼tenfold) compared to wildtype HSV1-tk-transduced cells. Thus, the retained ability of HSV1-R176Qsr39tk to convert clinically used suicide prodrugs allows eliminating transduced cells when needed.
Then we tested the new HSV1-R176Qsr39tk reporter gene in an animal model. Both PET imaging and tissue sampling measurements demonstrated higher 18 F-FEAU uptake compared to its predecessor, HSV1-R176Qtk, and corroborated our in vitro results. We observed a significant decrease in phosphorylating ability of the HSV1-R176Qsr39tk enzyme for acycloguanosine and to a much lesser degree for pyrimidine derivatives compared with the wild-type HSV1-tk (higher selectivity index for HSV1-R176Qsr39tk). Nevertheless, we were able to demonstrate that the HSV1-R176Qsr39tk mutant phosphorylating activity with FEAU is sufficient for successful PET imaging and that 18 F-FEAU accumulation is comparable in HSV1-R176Qsr39tk-and wild-type HSV1-tk-expressing tumors. The latter observation allows us to conclude that HSV1-R176Qsr39tk reporter gene imaging with 18 F-FEAU will not be affected in future preclinical and clinical applications. In addition, our resultant HSV1-R176Qsr39tk mutant showed minimal residual activity with acycloguanosine derivatives that might influence the ability of using this reporter gene in patients treated with therapeutic doses of GCV. However, we believe that such an approach could be explored further for the development of pyrimidine-specific reporter genes that will allow for successful PET imaging in patients undergoing therapy with acycloguanosine-based analogs.
Encouraged by these findings, we tested the feasibility of PET imaging of two different xenografts composed of cells transduced with HSV1-R176Qsr39tk and the previously described acycloguanosine-specific HSV1-A167Ysr39tk mutant [25] in the same animals. Noteworthy, our imaging experiments were conducted using xenografts that were formed from cells highly (nearly 100%) transduced with the reporter. We observed high specific uptake of each radiotracer in the corresponding xenograft. Despite the small 18 F-FHBG accumulation in HSV1-R176Qsr39tk-expressing tumors, we could easily discriminate the expression of both reporters in the two different transduced xenografts. There are many areas of application where the pyrimidinespecific reporter can be incorporated into dual PET reporter genetic systems together with acycloguanosine-specific reporter. For example, one could image the localization of transduced antitumor lymphocytes with 18 F-FEAU using HSV1-R176Qsr39tk reporter gene as a "beacon" element. Then the tumor-specific activation of lymphocytes at the tumor site could also be monitored using an inducible, pathway-specific promoter driving a HSV1-A167Ysr39tk "sensor" reporter gene with 18 F-FHBG. This imaging paradigm could easily be translated into clinical protocols for monitoring the efficacy of adoptive anticancer immunotherapies. Such a dual reporter system can be used as a powerful tool for tracking cells and imaging inducible upregulation of reporter gene expression at the same time.
In conclusion, we have successfully developed and tested a new mutant of HSV1-tk reporter gene, HSV1-R176Qsr39tk. This reporter showed the ability to convert pyrimidine-based nucleoside derivatives, while exhibiting very low phosphorylation activity with acycloguanosine analogs. In combination with acycloguanosine-specific HSV1-A167Ysr39tk reporter, HSV1-R176Qsr39tk mutant can be used for simultaneous PET imaging of two independent cell populations or molecular biological processes in the same living subject using consecutive administration of 
